Abstract-This communication presents a simplified approach to the design of a single feed dual polarised, dual frequency (1.9 and 2.4 GHz) aperture coupled microstrip antenna. Using simulation and practical investigation, the coupling between the microstrip feed line and aperture, along with the coupling between the aperture and patch, is investigated and modelled using equivalent transformers. The results obtained are used to reduce the number of interdependent design parameters, thereby allowing initial approximate values to be determined more directly with only fine tuning subsequently required to obtain good matching at both frequencies. Excellent agreement is obtained for the simulation and practical results of the return loss and the gain of the antenna.
I. INTRODUCTION
There is a requirement for light, low cost, wide bandwidth and high gain microwave antennas in applications such as automatic road tolling, 'on the move' satellite communication services and high-capacity data networks. These requirements can often be satisfied by an aperture coupled microstrip antenna [1] , [2] where different coupling slots and stack methods have been demonstrated [3] - [5] . Matched antennas at a chosen frequency have been designed using spectral domain analysis and spatial solutions [6] - [9] . Such mathematical analysis is rigorous and elegant but because the dimensions of the physical model and the values of the circuit elements of the equivalent circuit are interdependent the design of the antenna is still difficult.
In the approach presented in this communication, practical measurements and simulation are used to determine the transmission parameter , from which the turns ratio can be determined for an equivalent circuit transformer modelling the coupling between the feed line and the aperture. Using a curve fitting technique, a new equation for this turns ratio is proposed as a function of the length of the slot line and height of the substrate. It is found that this turns ratio is nearly independent of the dielectric permittivity of the substrate and frequency. The turns ratio , modelling the coupling between the aperture and radiating patch, is then investigated and it is shown that the equation derived by Jaisson [10] agrees closely with obtained simulation results.
Based on these results a simplified approach is presented to design a matched dual frequency microstrip antenna.
In this work the physical antenna structures were modelled using 'Computer Simulation Technology (CST)' software while the equivalent circuit modelling employed 'Microwave Office (AWR)' software. 6010 all with thickness of 1.575 mm unless otherwise specified.
II. INVESTIGATIONS OF THE TRANSFORMERS TURNS RATIOS USED IN THE EQUIVALENT CIRCUIT OF THE ANTENNA
The physical structure and equivalent circuit of the dual polarised dual frequency aperture coupled microstrip antenna are well documented in [1] , [2] . The physical structure of a slot line fed by a microstrip feed line is shown in Fig. 1(a) and the equivalent circuit is shown in Fig. 1(b) . In the equivalent circuit the transformer (with turns ratio ) models the coupling between the slot line and the microstrip feed line, while s is the input impedance of the slot line and is the impedance produced on the microstrip feed line [10] . For an infinitely long slot line Knorr [11] , [12] and Das [13] derived equations for showing that it is always less than one. Bhattacharyya [14] used full wave analysis to obtain integral equations to plot this turns ratio as a function of the length of the slot line and height of the substrate. He found that this turns ratio increased with the length of the slot line and decreased with substrate thickness but did not appreciably change with the width of the slot line. In [8] Bhattacharyya used spectral domain analysis to derive a large number of complex equations which had to be computed numerically to obtain a matched aperture coupled antenna. Himdi [15] , Kyriacou [16] and Jaisson [10] derived different equations for (and similarly for ) however it was found that the equations did not agree with each other and even was greater than one as the length of the slot line increased. Hence in this section the turns rations and are investigated by simulation and practical measurements. To obtain the turns ratio it is first necessary to determine the impedance from the parameter defined by Fig. 2(a) . In this figure the slot line is fed by a 50 microstrip feed line of length and to calibrate out the measurements errors produced by the length a 50 calibration line of the same length is used in Fig. 2(b) .
The impedance of the ports is 50 and the signal flow graphs of the two structures in terms of S-parameters are shown in Fig. 3 . In Fig. 3(a) , are the transmission parameters for the lengths and of the microstrip feed line. The impedance is modelled by a two port network defined by and . In Fig. 3 (b) and are the transmission parameters of the microstrip calibration line. Equations (1) and (2) are obtained from the two signal 
Equations (3) and (4) are used to determine and by practical measurements and simulation
The PCB FR4 board shown in Fig. 4 was used for practical measurements: one side of the board shows 5 slot lines of lengths 10, 20, 30, 40 and 50 mm and the other side shows the five 50 feed microstrip lines, as well as a 50 microstrip calibration line. The width of the slot line was 1 mm and equations derived in [11] were used to determine the slot line input impedance (see Fig. 1(b) ). The turns ratio was obtained from the parameter determined by both practical measurement and simulation. Fig. 5 shows excellent agreement between these two approaches for determining . It is important to note that this turns ratio has a limited range of 0.9 to 0.98 for a slot line length over 25 mm that is typical in the design of an antenna at around 2 GHz.
The effect of three different substrate thicknesses (0.7875, 1.575 and 2.5 mm) on was also investigated by simulation as described above and (5) was obtained from curve fitting the results (5) For the three substrates of different permittivity, with a fixed slot line of length 30 mm, the above method was used to obtain the frequency response of the feed line impedance for the physical structure and the equivalent circuit. It was found that the obtained frequency response of the physical structure, even over an extended range of 1 GHz to 5 GHz, agreed very closely with the frequency response obtained from the equivalent circuit. As the turns ratio has a constant value in the equivalent circuit it can be concluded is effectively independent of both frequency and the relative permittivity of the substrate across the parameter ranges investigated.
In investigating the turns ratio modelling the coupling between the slot line and patch, first, the feed-slot dimensions were kept constant to ensure that the turns ratio had a fixed value and the patch width was varied from 50 mm to 80 mm. Then different slot line lengths up to 50 mm were varied and in each case was tuned using AWR software until the input impedance of the equivalent circuit and that of the physical structure using CST simulation were in agreement. It was found that the determined turns ratio agreed very closely with (6) derived by Jaisson [10] where is the length of the slot line and is physical width of the patch (6) A wide matching bandwidth and high gain antenna can be obtained by using a thick air substrate below the patch [17] . From a simulation investigation of different patch widths, (7) was derived for the length of the fringing field as a function of the height (mm) of the air substrate using a curve fitting approach (7) III. DESIGN OF A DUAL POLARISED DUAL FREQUENCY MATCHED ANTENNA
To obtain a dual frequency antenna, modes at 1.9 GHz and 2.4 GHz are excited by the two slot lines near the edges of the patch as shown in Fig. 6(a) . In this figure and are the physical dimensions of the patch while and are the lengths of the two slots. The height of the air substrate above the ground plane was designed as 8 mm and the substrate below ground plane was PCB FR4. The equivalent circuits of the two modes are shown in Fig. 6(b) where models the radiated power from the patch's radiating slots and models the fringing fields at the physical edges of the patch [2] .
The resonant frequency of the series input impedance of the patch at the position of slot line is normally above the design frequency. Hence the effective length of the patch should be slightly less than the half-wavelength where is the patch wavelength at the design frequency. The approximate effective dimensions of the patch are 76 mm at 1.9 GHz and 61 mm at 2.4 GHz. The corresponding physical dimensions of the patch using (7) are 57 mm at 1.9 GHz and 43 mm at 2.4 GHz. The resonant frequency of the slot line is normally higher than the design frequency so that the slot length should be approximately be . Consequently the assumed initial physical lengths of the slot lines obtained are 33 mm at 2.4 GHz and 42 mm at 1.9 GHz. These lengths were then used in (5) and the initial approximate value of was 0.96 at 1.9 GHz and 0.95 at 2.4 GHz. Substituting the above slot lines lengths and the physical widths of the patch into (6) gives approximate values for the turns ratio as 0.217 at 2.4 GHz and 0.33 at 1.9
GHz. The two feed ports in Fig. 6(b) were replaced by a single feed port as shown in the photograph of the fabricated antenna in Fig. 7 . Table I shows that the initial and final tuned values for the antenna are close. Fig. 8 shows that a very good agreement has been obtained between the simulated and measured frequency responses for the reflection coefficient and for the gain of the antenna. Simulation results showed that gain of 6.3 dB at 1.9 GHz and 7 dB at 2.4 GHz with corresponding practical measurements of 6.6 dB at 1.9 GHz and 7.2 dB at 2.4 GHz.
IV. CONCLUSION
In this communication a simplified practical approach was used to design a dual frequency matched aperture coupled microstrip antenna. From the investigation carried out, new equations have been obtained for the turn ratios and the length of the fringing field at the patch. The turns ratio was found to have an almost constant value (0.9-0.98) for practical slot lengths of longer than 25 mm used at the two design frequencies. Simulation investigation showed that the equation derived by Jaisson [10] for the turns ratio is sufficiently accurate to be used in the design of this antenna. Based on these results it is shown that the design complexity of the dual frequency antenna was reduced. Very good agreement was obtained between the practical and simulated results for both the frequency response of the reflection coefficient and the gain of the antenna around the two design frequencies. [15] 
I. INTRODUCTION
The radiation mechanism of traveling wave is an important topic in the regime of traveling-wave antenna, on which there have been extensive studies [1] - [3] . For the slow-wave structures with appropriate periodical modulations, radiation can be generated, and this can be analyzed by the theory of spatial harmonics [3] , [4] . In [5] , a new explanation on the radiation mechanism of the modulated slow-wave structure was elucidated directly from physical sense. On the other hand, when it came to the finite uniform slow-wave structure, the traditional opinion stated that the radiation only occurs at the two ends of the slow-wave structure [6] , [7] . Recently, a novel insight into the radiation mechanism of traveling-wave structure was presented in [8] . It figured out and reported explicitly that the far-field radiations of the slow-and fast-wave uniform/quasi-uniform traveling-wave structures are generated by the two effective radiation sections (ERSs) at the ends of the structure, rather than the two terminal points. The composite right/left handed (CRLH) transmission line structure proposed in [9] was taken as an example of traveling-wave antenna in [8] .
Based on the research in [8] , the ERS is further investigated in this communication and we find that the ERSs are not always located at the ends of the traveling-wave structure, though they are close to the ends. This conclusion is not only suitable for the slow-wave case, but also suitable for the fast-wave case. This phenomenon is quite different from the traditional viewpoints that "fast waves radiate" and "slow waves don't radiate except at the terminals". Based on the analysis of ERS, the formula for computing the far-field radiation pattern of traveling-wave structure is derived in this work. Meanwhile, the effect of the attenuation constant on the radiation pattern is considered in the computation.
As we know, one drawback of the uniform straight traveling-wave antenna is its high sidelobe level (SLL) [10] . To overcome this drawback, traditional way is to modify the structure and to change the aperture field distribution, and synthesize the far-field pattern to meet the demand of the design. In [11] , planar waveguide leaky-wave antennas (LWA) perturbed with printed-circuits in different tapering types were studied, and a cosine-shaped amplitude illumination was obtained that resulted in a 10 dB reduction in the SLL. In [12] , a CRLH LWA interconnected by amplifiers was designed, and the SLL was considerably reduced by controlling the amplifiers to construct a binomial field distribution along the structure. In [13] , tapered aperture field distribution was achieved by meandering the side walls of a substrate integrated waveguide with a long straight slot, which led to low SLL. All of these works were obtained based on the way of continuously varying the aperture field and constructing a desired distribution of field. In this communication, we propose a new method for suppressing the SLL from a new perspective, in which the SLL is reduced by controlling the emission intensity of the ERSs.
II. THEORY AND METHOD
In this section, a linear-source model is employed for analyzing the radiation property of the traveling-wave structure in a simple manner.
A. Slow-Wave Radiation
Firstly assuming that there is no attenuation when the wave propagating along the uniform/quasi-uniform traveling-wave structure with length of , that is to say, the attenuation constant . Under this assumption, it has been elucidated in [8] that at a given angle , the emissions from two successive segments with the corresponding length will be cancelled out completely in far-field region. The length is defined in [8] by (1) where is the phase constant along the traveling-wave structure, and is the wave number of free space. The ERS is defined by (2) where is the number of segment pairs with spacing , and , , are functions of angle . The formula for calculating the far-field 0018-926X/$31.00 © 2013 IEEE
